A heat-assisted route for subnanosecond magnetic recording is discovered for the dielectric bismuthsubstituted yttrium iron garnet, known for possessing small magnetic damping. The experiments and simulations reveal that the route involves nonlinear magnetization precession, triggered by a transient thermal modification of the growth-induced crystalline anisotropy in the presence of a fixed perpendicular magnetic field. The pathway is rendered robust by the damping becoming anomalously large during the switching process. Subnanosecond deterministic magnetization reversal was achieved within just one-half of a precessional period, and this mechanism should be possible to implement in any material with suitably engineered dissimilar thermal derivatives of magnetization and anisotropy. DOI: 10.1103/PhysRevLett.122.027202 The general process of magnetization reversal underpins the functionality of contemporary data-recording technologies. The simplest means by which one can switch magnetization-and, by extension, write a magnetic bit-is rooted in the precessional motion of magnetization, traditionally triggered by a transient magnetic field [1, 2] . So far, the magnetization reversal via precession represents the most efficient [3] and fastest possible [4] mechanism of switching, with an associated (postulated) minimum writing time of ∼2 ps [5, 6] . However, this approach suffers [7] [8] [9] [10] from substantial sensitivity to the strength and orientation of the transient magnetic field, and the magnetic damping-if these parameters are just slightly detuned [11] , the magnetization will require nanoseconds to relax or even fail to switch altogether.
The currently envisaged paradigm of next-generation hard-disk-drive technology is based on heat-assisted magnetic recording (HAMR) [12, 13] . Robust nonvolatile magnetic media with ultrahigh areal bit densities (exceeding Tb=in 2 ) must possess strong anisotropy (on the order of 10 T), in order to prevent uncontrollable magnetization reversal [14] . To overcome this energy barrier and successfully write a magnetic bit, HAMR uses the thermal load supplied by tightly focused light to temporarily raise the material temperature close to or above the Curie temperature, thus demagnetizing the material and enabling rather weak switching fields to be used. In contrast, by using an ultrafast optical pulse, again bringing the material close to or above the Curie temperature, one can even remove the requirement of switching fields altogether [15] [16] [17] [18] .
Instead of thermally leveraging the magnetization to assist the process of reversal, we conjectured that one could rather thermally leverage the growth-induced magnetocrystalline uniaxial anisotropy field [19] [20] [21] [22] [23] . Magnetization dynamics in iron oxides [24] [25] [26] [27] can be triggered on the subpicosecond timescale via laser-induced redistribution of electrons among energy states, resulting in a transient thermally induced modification of the magnetocrystalline anisotropy. This modification leads to the emergence of a transient effective torque, inducing precession of the magnetization. Here, we use a focused ultrashort optical pulse to gently diminish the temperature-dependent magnetocrystalline anisotropy [23] , thus triggering large-amplitude precession of the magnetization (predominantly about an externally supplied static inplane magnetic field). The cone angle of the precession is indeed large enough to cause the magnetization, within onehalf of a precessional period, to reverse the sign of its projection on to the sample normaln. If, while precessing, the magnetization is captured by another metastable state (supported by the recovery of the anisotropy), it is rendered switched, in a record timescale given by the frequency and damping of the precession.
The key ingredient for our conjectured scenario lies in the existence of a substantial difference between the thermal derivatives of the magnetization and anisotropy field, as shown in Fig. 1 (a) (measured [28] for the dielectric crystal bismuth-substituted yttrium iron garnet). Upon merely raising the material temperature from 300 to 330 K, for example, the magnetization is reduced by ∼10%, whereas the anisotropy field drops by ∼45%. If the resulting transient torque is sufficient, this discriminatory partial quenching of anisotropy enables the magnetization to be reversed, in the manner as shown in Figs. 1(b)-1(d) [29] .
To explore the viability of this all-precessional mechanism of magnetization reversal, we first solved [30] the Landau-Lifshitz-Gilbert equation [31, 32] -the equation of motion characterizing magnetization dynamics-with the assumption that the magnetization M was temperature independent (i.e., fixed in magnitude). The effective magnetic field was composed of an out-of-plane uniaxial anisotropy field H ani ðTÞ ¼ 2½K ani ðTÞ=Mẑ, where K ani ðTÞ is a temperature-dependent anisotropy coefficient, and a spatially uniform in-plane bias magnetic field H B ¼ H Bx . Upon instantaneously increasing the temperature, and subsequently restoring it on a nanosecond timescale, across a Gaussian distribution of space (thus mimicking the thermal load delivered by an ultrashort optical pulse), we successfully observed the precessional reversal of magnetization, as shown in the top left panel of Fig. 2(a) . It is interesting that, similar to the static observations of Back et al. [1] and Tudosa et al. [4] , increasing either H B and/or the maximum temperature change ΔT max leads to the formation of "bullseye" domain patterns of magnetization, whereby the radially symmetric distribution of magnetization alternately has positive and negative projections on ton. This bullseye pattern emerges not as a result of transient stray fields [33] , but rather because the temporarily diminished anisotropy field has a spatial distribution, allowing the precessing magnetization to be captured in one of two metastable states upon its recovery. The choice of which state is occupied, i.e., whether the magnetization becomes switched or unswitched, depends entirely on the timescale permitted for the large-amplitude precession (see Supplemental Material Note 4 [34] ). If the magnetization has precessed for an odd (even) number of half-periods, the magnetization is rendered switched (unswitched). Crucially, these calculations, albeit based on a rather simple model, reveal that the magnetization reversal can be achieved using gentle heating and a static in-plane magnetic field. Our assumption of fixed magnetization proves that the transient thermal modification of the anisotropy field can be solely responsible for the switching event, and the clear spatial profile of the bullseye domain pattern also evidences the deterministic character of the magnetization reversal.
To obtain ultimate proof that heat-assisted precessional magnetization reversal can be achieved solely through thermal control of the magnetocrystalline anisotropy [23] , we performed experiments on the ferrimagnetic crystal bismuth-substituted yttrium iron garnet (Bi:YIG) of thickness 20 μm. This material was considered suitable for such a demonstration due to its strong out-of-plane magnetocrystalline anisotropy field at room temperature (H ani ∼ 7.1 kOe) derived from the bismuth dopants [35] and, more importantly, there being substantial difference between H ani ðTÞ and MðTÞ [ Fig. 1(a) ]. While spin-orbit coupling is crucial for the existence of H ani , the thermal dependence of H ani in Bi:YIG originates primarily from the electronic structure (and, by extension, the corresponding crystal field) of the oxygen ions being indirectly modified by the bismuth ions [20, 35, 36] . The dielectric character of the material also obstructs ultrafast sub-100 ps laser-induced demagnetization typical for metallic magnets [37, 38] , thus allowing H ani ðTÞ to vary much faster than MðTÞ.
In our first set of experiments [39] , the garnet was pumped by a focused optical pulse (of diameter ∼30 μm) and probed using a second defocused optical pulse. With H B ranging between 5.7 and 5.9 kOe, and the pump fluence ranging between 0.25 and 0.31 J cm −2 , we successfully observed magnetization reversal, as shown in the top left panels of Fig. 2(b) . The switching occurred regardless of the initial magnetic polarization (see Supplemental Material Note 6 [40] ) and was qualitatively unaffected by the optical polarization state of the pulse. These observations allow us to immediately rule out, as the dominant source of the magnetization reversal, polarization-dependent effects [17] , e.g., inverse Faraday effect [41] , photomagnetic effects [25] , etc. A fluence of 0.25 J cm −2 corresponds [42] to a temperature increase of ∼30 K in Bi:YIG, indicating [from Fig. 1(a) ] that the anisotropy and magnetization have been reduced by ∼45% and ∼10%, respectively.
The calculated bullseye domain patterns of magnetization provide an appealing point of comparison for the experiments (and irrefutably demonstrate magnetization precession has taken place, since demagnetization cannot account for such magnetic textures). We therefore increased the strength of H B and/or the optical fluence and, as shown in the neighboring panels of Fig. 2(b) , the bullseye domain pattern of magnetization clearly manifested. Similar to the results of the modeling, the radially symmetric Gaussian profile of the thermal load leads to the formation of concentric rings of switched and unswitched magnetization. The torqueing effective magnetic field is responsible for the speed and amplitude of the magnetization precession, and so a stronger in-plane field and/or optical fluence generates a larger bullseye domain pattern with a higher number of rings. Importantly, we were only able to achieve such magnetization reversal when the out-of-plane magnetic field H z was estimated to be below 80 Oe-this magnetic field allows two metastable states to exist but breaks their degeneracy, ensuring that the reversed magnetization is restored on a timescale of microseconds (an essential prerequisite for stroboscopic detection).
To explore the way in which the bullseye domain pattern forms, we performed time-resolved imaging, the results of which are presented in Fig. 3 (see Supplemental Material Note 7 [43] ). It is clear that, upon optical exposure, the outof-plane component of magnetization across the entire irradiated area decays to zero after about half a nanosecond. This is followed by the outermost ring of magnetization switching after about 1 ns and the innermost region of magnetization returning to its initial state (i.e., not switching) after about 1.4 ns. The speed of switching is connected to the magnetic damping [9, 10] , and so this detected difference in speed qualitatively suggests that the damping is transiently enhanced when switching occurs. No subsequent oscillations (and dynamics in general) were observed, and further measurements reveal that this bullseye domain pattern survives for at least 7 ns.
To study the speed of the magnetization dynamics in more detail, we adapted the experimental setup so as to allow more sensitive pump-probe trace measurements to be recorded, in addition to pump-probe imaging. Instead of using a defocused probe (as employed for imaging), the probe was focused to a spot of diameter ∼40 μm [44] . Presented in Fig. 4 are typical raw [45] pump-probe trace signals recorded for different regimes of magnetization reversal, where H B ¼ 5.9 kOe throughout. At weak optical fluences, incapable of reversing the magnetization, we clearly observe precessional oscillations after 0.25 ns, which persist for at least 3 ns. This observation is consistent with the measurements performed before [25, 26] , and here we consider the magnetic damping to be qualitatively rather low (since oscillations are observed for a long period of time). As the fluence then increases, the damping increases in strength (e.g., for the fluence of 0.22 J cm −2 , the oscillations decay faster, subsiding within 1.5 ns). When the fluence is sufficient to switch a single spot of magnetization, the detected oscillations become large and stochastic, reflecting the anharmonicity and spatial nonuniformity of the magnetization oscillations being collectively recorded by the optical probe (and characteristic of a phase transition). Finally, upon increasing the fluence even further (above 0.30 J cm −2 ), such that a single ring of the bullseye domain pattern is formed, the stochastic largeamplitude oscillations are suppressed, and we clearly observe a smooth reversal of magnetization within 1 ns, with no subsequent oscillations at all. The signals recorded at high fluence (>0.30 J cm −2 ), compared to those at low fluence (<0.25 J cm −2 ), clearly reveal damping that has been enhanced during the first nanosecond of magnetization dynamics.
The absence of any oscillations at sufficiently high fluence is atypical of iron-garnet films, which are renowned for possessing small magnetic damping coefficients. However, the majority of studies characterizing the damping coefficient of garnet films use small-amplitude oscillations, in the absence of significant thermal variation [46] . Our results presented in Figs. 3 and 4 , in contrast, reveal that the damping coefficient is not constant, but instead temporally depends on the magnitude and spatial inhomogeneity of the oscillations themselves [47] [48] [49] [50] [51] . It should be acknowledged that this transient increase in damping is unexpectedly large and appears to aid the process of switching (in a similar way to that observed in Ref. [6] ). In addition, these trace measurements, in conjunction with the results of time-resolved imaging (Fig. 3) , also unambiguously confirm that no heat flow from the lattice to the spins (leading to demagnetization) is required for reversal to be achieved in dielectric iron garnets [52] . The switching is completed within about 1 ns, entirely because of the ultrafast thermal modification of the anisotropy and the resulting precession. When the thermal energy is eventually transferred to the spin bath (after hundreds of picoseconds [50] via equilibration), the magnetization has already been set in motion towards its new state, and the process is completed much faster than the cooling of the laser-heated magnet.
To increase further the speed of the magnetization reversal, it is necessary merely to increase the strength of the transient torque exerted on the magnetization, i.e., H B or ΔH ani . We draw attention to the fact that we trigger magnetization reversal using just the thermal load associated with the ultrashort optical pulse, rather than any optical polarization state. We speculate therefore that the heating supplied by nearby electrical pulses (with durations on the order of tens of picoseconds) should similarly suffice [53] , allowing the mechanism to be integrated within magnetic random access memory devices [54] . Moreover, our demonstrated mechanism of switching has a nonlinear dependence on the thermal loadcombination with subdiffraction-limit thermal gradients should therefore enable magnetization reversal to be achieved on nanometer length scales.
Finally, we have demonstrated here the mechanism of heat-assisted precessional magnetization reversal in a dielectric iron garnet, but this mechanism should not be restricted to a single class of materials. Provided the magnetization and anisotropy field have suitably engineered dissimilar thermal derivatives [as exemplified in Fig. 1(a) ], this pathway for deterministic switching should exist. In general, it is believed [21] that M and K ani are related by K ani ðTÞ K ani ð0Þ ¼ MðTÞ Mð0Þ
where n is a material-specific coefficient. Experimentally, in systems with uniaxial anisotropy, it has been verified that n ≈ 3 in CoCrPt-based alloys [55] , n ¼ 2.6 in nickel ferrite [56] , and n ¼ 2.1 in FePt [57] [58] [59] . One technologically intriguing candidate may lie in Sm-Co-based permanent magnets [60] , which can be engineered such that increasing the temperature from 300 to 800 K reduces M s by ∼10%, but reduces H ani from 26 to 2.5 kOe [61] .
In conclusion, we have shown experimentally and numerically that heat-assisted magnetic recording can be achieved in a dielectric iron garnet, through the combined action of gentle heating (supplied by an optical pulse) and an externally delivered magnetic field (applied perpendicular to the magnetization). The reversal is achieved through nonlinear magnetization precession, triggered by the transient modification of the magnetocrystalline anisotropy and rendered robust by an anomalously large transient variation in the magnetic damping. Despite the poor heat conductance of dielectrics, our demonstrated pathway enables subnanosecond deterministic magnetization reversal to be achieved within just one-half of a precessional period. We also believe the demonstrated mechanism can be employed in a wide range of magnetic materials, provided that the thermal derivatives of the anisotropy and magnetization are suitably engineered to be dissimilar.
